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We have used positron annihilation spectroscopy to study vacancy-type defects in strained phosphorus doped
Si;_,Ge_ layers grown on Si substrates and irradiated with 2-MeV protons. The results show that the dominant
defect in the SiGe layer after irradiation is tRecenter, the vacancy-phosphorus pair. When the sample is
annealed at 150-175 °C, the dominant defect species in the SiGe layer changes into a complex consisting of
a vacancy, a phosphorus dopant, and a germanium a¥eRt+Ge complex Furthermore, we observe that the
total concentration of vacancy-type defect complexes before and after annealing remains approximately con-
stant. We thus conclude that theP-Ge complex is formed when a migratigcenter encounters a Ge atom
and forms theV-P-Ge complex. Th&/-P-Ge complex anneals out at 200 °C. The 50 °C higher annealing
temperature of th&/-P-Ge complex corresponds to about 0.1-0.2 eV larger binding energy than thavePthe
pair. By ab initio calculations, we reproduce this value and confirm that\tié pair is more stable when
neighbored by a germanium atom.
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[. INTRODUCTION defect formation and defect annealing in strained SiGe.
Mamor et al. reported that the activation enthalpies of sev-
Silicon-germanium(SiGe) has become the focus of nu- eral deep-level defects decrease with increasing Ge content
merous studies in recent years thanks to its promising progn p-type SiGe® Monakhov et al. have reported on defect
erties in semiconductor technology. The complete solubilitycharacteristic electronic levels in n-type strained proton irra-
of the two elements enables band-gap engineering betweetiated SiG&2 measured by deep-level transient spectroscopy
the values of pure silicon and pure germanium. The improve¢(DLTS). These studies identify the dominating defect in irra-
ment in device performance has made the incorporation afiated SiGe as the vacancy phosphorus pair. However, the
strained and relaxed SiGe, grown epitaxially on silicon sub-annealing and migration of thé center is not yet fully un-
strates, into silicon based devices attractivéowever, the  derstood.
introduction of new technology seldom goes without delay, In this study, we use positron annihilation spectroscopy
and reliability problems often accompany devices processePAS) in combination with computational methods to iden-
with a new technique. Some progress has been made cotify vacancy-type defects in proton irradiated strained SiGe
cerning the misfit strain relaxation phenoménbut bulk layers. We confirm that the dominating defect in the as-
properties of both strained and relaxed SiGe, especially theradiated samples is the so-call&dcenter, consisting of a
formation of electrically active defect complexes, are notsilicon vacancy and a phosphorus dopa¥itR). We also
fully understood. observe that this defect is mobile in the temperature interval
The understanding of the formation and migration of va-150-175°C and by migration forms a new defect, the
cancy related defects in semiconductors is of fundamental-P-Ge complex, consisting of a silicon vacancy, a phos-
importance for device fabrication. Vacancies and vacancyhorus dopant, and a germanium atom. YRE-Ge complex
complexes can introduce energy levels in the forbidden banis observed to anneal out above 200 °C.
gap and act as compensating centers and charge carrier traps,Previous theoretical work by Boguslawski and Bernholc
which influence the electrical properties of the semiconducgive that the formation energy of a vacancy in s&8e, 5 is
tor. In silicon, the vacancy donor pair, the so-calledenter, lowered by 0.25 eV for each Ge atom surrounding the
has been shown to play a significant role both for the elecvacancy’ They attribute this to a energy difference in germa-
trical properties of the semiconductor and in the migration ofnium and silicon dangling bonds around the vacancy. The
impurities and dopants.At dopant concentrations below qualitative description of the vacancy in SiGe is further de-
10?°° cm 3, vacancy assisted migration is the predominantveloped in the framework of the Sciéu model in Ref. 10.
migration mechanism for large dopant atoms in silicon, e. gEssentially, the orbital energy of the paired dangling bonds in
As and SBE In highly n-type silicon(dopant concentration the vacancy is lower when more delocalized Ge dangling
>10° cm™3), the diffusing E centers interact with each bonds are involved.
other or with other ionized donors which may lead to dra- We thus attribute the higher annealing temperature of the
matic changes in diffusivitie$® V-P-Ge to a Ge dangling bond. Oalb initio calculations for
Recently, some progress has been made in the study dfie binding of theV-P pair to a germanium atom show that
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TABLE I. The characteristics of the samples used in the study. The momentum of the annihilating positron-electron pair
can be detected as Doppler broadening of the 511-keV anni-

Ge content p* dose hilation line. For the measurement of the Doppler broaden-
(%) (cm™?) ing, we used a Ge detector with an energy resolution of 1.3
4 keV at 511 keV. For the presentation of Doppler broadening

measurements, it is customary to use the paramstens!\W

4
2 Zi 1g4 to describe the shape of the annihilation line. The low-
6 1015 momentum parametes is the fraction of counts in the cen-
4 1.ex1 tral part of the annihilation line and thus, it describes mainly
7 . annihilation with low momentum valence electrons. Corre-
7 3x10* spondingly,W is the high-momentum parameter obtained as
7

610" the fraction of counts in the wing region of the annihilation
line describing annihilation mainly with core electrons. Con-
sequently, an increas@ecreasgin S (W) parameter indi-
the V-P-Ge complex is about 0.1-0.2 eV more stable tharcates the presence of vacancy-type defects.
the V-P pair, in good agreement with the experiment. The measure® (W) parameter is a superposition of t8e
(W) parameter of the bulk and the parameters of the different
defects in the sample. Near the surface, the annihilation of
Il. EXPERIMENT AND DATA ANALYSIS the positron at the surface also has to be accounted for. In the
simplest case where the positrons only annihilate in two dif-
ferent states, the measur8@&ndW parameters are given by

A. Samples

The studied samples were epitaxial, SiGe, layers on
Czochralski grown $100 substrates. The silicon substrate
was weaklyn-type (P doped~10** cm™3). In order to ob- S=mS1+ 725, @
tain a clean deposition surface, the substrate was subjected to
a H, atmosphere for 2 min prior to the deposition of the SiGe
layer. The SiGe layer was grown with chemical vapor depo-
sition and the layer thickness wasulm for all samples. Two
germanium concentrations were used, 4% and 7%. The layyhere », and 7, are the fraction of positrons annihilating in
ers were grownn type with a P concentration of states 1 and 2, respectively. Consequently=1— ;. From
~10'" cm™2. In order to produce a homogeneous defect disthe equations above, it is evident that, in this case, the mea-
tribution within the SiGe layer, some of the samples weresyred parameters form the segment of a line in tﬁﬁ/\&)
irradiated with 2-MeV protons. The proton dose varied be-plane between the two annihilation stateS;,W;) and
tween 3< 10" cm™? and 1.6<10"° cm™ 2. X-ray-diffraction (s, W,). This fact can be useful for the identification of
measurements confirmed that the SiGe layers remained fullyapping centers.
strained after deposition and irradiation. This was also the For the high-momentum region of the annihilation line,

case for annealed samples. The characteristics of the sampl@@ contribution of the momentum of the thermalized posi-
are summarized in Table I. tron is negligible and the spectrum is dominated by the core
electrons. This part of the annihilation line can therefore be
used to identify the surroundings of the vacancy. In order to
fully utilize the information in the high-momentum region, a
The vacancy-type defect distribution as well as the bulkcoincidence measurement, where both annihilation photons
properties of the strained SiGe layer were studied with are detected, is necessary, since much of the information is
monoenergetic positron beam. Positron spectroscopy hastherwise embedded in the background. We used a coinci-
been shown to be a versatile tool in the study of vacancyedence setup with two germanium detectors to study strained
type defects!*2Positrons can either be taken directly from a Si;_,Ge, layers and to identify the vacancy-type defects in
B source, as is done in the conventional lifetime and Dopirradiated and annealed samples.
pler broadening measurements, or as in this case be moder- After initial measurements both unirradiated and irradi-
ated and then accelerated to a desired energy and implantated samples were annealadsitu. All annealings were done
in the sample. This enables the study of defect distributiongn vacuum. In order to suppress positron diffusion to the
in thin layers and even defect profiling with the Doppler surface and thus reduce surface annihilation within the native
broadening technique. oxide, which otherwise influences the Doppler spectrum in
After implantation, the positrons thermalize within a few the energy region 0-10 keV, the annealed samples were
picosecond and thereafter diffuse in the sample until thewtched in HF acid. After etching the samples were immedi-
annihilate with electrons. Neutral and negative vacancy-typately transferred to the vacuum chamber. Close attention was
defects in the lattice can act as positron traps. When a pospaid to the annihilation of positrons at the surface for an-
tron is trapped by a vacancy its lifetime increases and th@ealed samples. No significant changes were observed in the
momentum distribution of the annihilating electron-positronsurface Doppler parameters for samples annealed below
pair narrows because of the reduced electron density. 300°C.

W= 5,W;i+ 7,W,, (2

B. Positron experiments
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C. Theoretical core electron momentum distributions Positron mean implantation depth [um]
It has previously been shown that calculations for positron 0.5 10 15 20
annihilation both in bulk material and in vacancy-type de-
fects can be a useful tool in combination with experiment for %OOQ)OOO
defect identification and characterization in semiconductors,  0.56 |- ® 000 —
) " o)
see, e.g., Ref. 13. We have used the atomic superpositio o OooooO 00
method within the conventional scherteelocalized positron = °o-oe
" X o
does not affect the average electron densitycalculating g s5[- o v"""vv A AL A S
the positron states. The annihilation rates with different elec-g vyv sy
ined | - : i o A
tron states are obtained in the generalized gradient approxi g o w v¥ eg¥ve’ WV
mation(GGA) for the enhancement of the electron density at =~ w »® *%e
the positron. The momentum distribution of annihilating 054F o ? N
electron-positron pairs are obtained by superimposing contri- v v . ¥
butions of individual electron states calculated in the inde- °v e
pendent particle model and weighted with the proper GGA 0.53 -‘C"'s -
annihilation rates. The calculated spectra are convoluted witf ot | | | |
experimental resolution before comparison. For the details ol 28x10” | .
the scheme, see Ref. 14, and references therein. In th ¥ -
present work, also the valence electron contribution to the 26 _é SioaeGeo0s
. . . . L. v ® non-irradiated reference
momentum distribution was taken into account within the w3 O ' @MeV) L6x10” em®
same scheme. The defect calculations were performed usin,_ 4| o, %V Sigo3Geq0r ' .
216 atom Supercells. % o ‘: z Y V  non-irradiated reference
The calculations have been done for strained Sbe, g »hk wle v p 2MeV)6x10¥ em” | |
. . . . . o) v
crystals. The lattice constant in the strained direction hasg A *
been calculated from = ok VwSeseis . o ]
B @ v s 8
ae—a o vevvv e8¢ v § v
s—a 18 120505} o -
ast=|1-og a a, 3 ononszpoOOOOO 0%0570
16 - -
whereag is the lattice constant of the substréséicon) and ' ' . . ' .
a, is the lattice constant of the relaxed SjGe, . The lattice 0 s w15 20 2
constant in the relaxed SiGe has been calculated with Veg Positron implantation energy [keV]

ard’s law, which has been shown to be a good approximation
in SiGel®>® The coefficiento;, can be calculated from the
strain tensor.

All calculations of positron annihilation characteristics
have been done with the atoms on their respective lattice For the samples implanted with a proton dose of 6
sites, i.e., no relaxation around a vacancy-type defect hag 104 cm?, the SandW parameters clearly differ from the
been taken into account. By comparing measured and calcwonirradiated samples. When the proton dose is further in-
lated results for the positron lifetime for tfiecenter and the creased by a factor o&2, the changes in th& and W

divacancy in silicon this has been proven to a good approxiparameter curves are significant. For the sample with a Ge
mation. The calculations done in this study for tBeenter  content of 4% and a proton dose of X.60"° cm 2, the

FIG. 1. SandW parameters as a function of positron implanta-
tion energy for as-deposited and as-irradiated samples. Indicated in
the figure is also the mean implantation depth of the positrons.

and the divacancy match previous restfts. Si;_,Ge, layer can clearly be distinguished as a plateau in
the Sparameter curve in the energy intervab—12 keV. The
I1l. VACANCY-PHOSPHORUS PAIRS AS POSITRON large increasdédecreasgein the S (W) parameter is an indi-
TRAPS IN IRRADIATED SiGe LAYERS cation of the enhanced formation of vacancy defects in the
SiGe layers.

A. Introduction of vacancies vs fluence and positron

annihilation states Positron trapping into charged vacancy-type defects de-

pends on temperature, whereas trapping into neutral defects
In Fig. 1, we show the Doppler paramet@sndW as a  is temperature independéefitt? This fact can be used to dis-
function of positron implantation energy for as-grown andtinguish vacancy defects in the SiGe layers from vacancy
as-irradiated samples. Also indicated in the figure is thedefects in the substrate. In Fig. 2, we show 8yarameters
mean positron implantation depth. As can be noted, the refor the samples irradiated with a proton dose of 6
sults for the as-grown sampl¢&e content 4% and 7Vare  x 10 cm 2 (a) and 1.6<10® cm 2 (b) as a function of
almost identical and the SiGe layer cannot be clearly distinmeasurement temperature in the temperature interval 20—300
guished since th& andW parameters continuously approach K. The two S parameter curves represent mainly annihilation
the silicon substrate values with increasing positron implanin the Si_,Ge, layer (open symbolsand silicon substrate
tation energy. (full symbols, respectively. As can be seen from Fida)2
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different temperature behavior than the substrate Sipa-
n rameter is approximately constant between 100 and 300 K.

The vacancy-type defect that traps positrons is not ex-
pected to depend on irradiation dose nor is it expected to
change charge state, since the samples arenstylpe. The
temperature independeB8iparameter therefore indicates that
all positrons annihilating in the highly doped SiGe layer get
trapped at vacancies, i.e., we have saturation trapping. The
weakly n-type substrate in this sample has a similar tempera-
ture behavior as the sample irradiated with a smaller fluence,
§ i.e., no saturation trapping.

The (S,W) plot of the Sj odGe&) o4 Sample irradiated with
1.6x 10 cm™? protons in Fig. 3 is divided into two distinct
lines. When the positron implantation energy is between 0.1
§ o § and 10 keV, the data points fall on a line joining the surface

7 to the defect state in the SjGe, o4 layer. At energies be-
< tween 10 and 25 keV, they form a line from the defect state
to the silicon substrate state. The sharp turning point between
the two lines indicated in the figure is typical for saturation
trapping, i.e., all positrons with this implantation energy an-
nihilate in the defect state. This conclusion is the same as
deduced from the measurement of tBegarameter versus
temperaturgFig. 2), where theS parameter stays constant
over a large temperature interval. By comparing the turning
point of the &, W) plot with the known divacancy param-
eters in silicon®?°(S,, /Sg=1.05), which is indicated in the

figure, it is evident that the W) turning point in the

Sig.9dG&y o4 layer is closer to the, W) bulk parameters than

FIG. 2. S parameter values for §jGe) o4 Samples irradiated
with proton(2 MeV) doses 6 10" cm 2 and 1.6<10® cm 2 as a

expected for a divacandypr a bigger vacancy clusterThis
enables us to identify th&/ and S parameters at the turning

function of measurement temperature. The solid lines are guides tﬁoint as the characteristic parameter values for a

the eye.

the substrat& parameter increases with decreasing tempera-
ture, which is a fingerprint for negatively charged positron

monovacancy-type defect in the SiGe layer.

B. Identification of V-P complexes in SiGe

The saturate® parameter value for the SiGe layer in the

traps*® This behavior is also seen in the SiGe layer for thissample irradiated with the highest dd$égs. 1 and Bis not

sample, indicating that the trapping center in the layer also ifigh enough to enable it to be due to a divacancy or a bigger
in a negative charge state. TBgarameter in the layer irra- vacancy cluster. A complex consisting of a single monova-
diated with the higher dosfFig. 2(b)] shows a completely cancy is therefore the only candidate. It is well established

T T T
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FIG. 3. S'W plot for the as-irradiated sample
(Sio.06G& 04, Proton dose 1.8 10* cm™2). Indi-
cated in the figure are the characterist®; V)
points of the measured SiGe layer, the Si bulk,
the V-P pair, and the Si divacancy in the silicon
substrate. The solid lines are solutions of H@s.
and(2), where the annihilation states are the sur-
face state and th¥-P pair, and the Si bulk state
and theV-P pair, respectively. The arrows indi-
cate increasing positron implantation energy. The
turning points after some of the isochronal an-
nealings are also shown.
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that the monovacancy imtype silicon is mobile below room
temperaturé? this is most likely also the case for the silicon
monovacancy in SiGe containing only a small fraction of
germanium. A consequence of the high mobility of the
monovacancy in pure undoped silicon is that it anneals out
below room temperature. However, monovacancy-impurity
complexes are stable above room temperature in silicon. In
moderately and highly-type float-zone silicoA??*the mo-

bile monovacancies have a high probability to get trapped at
phosphorus dopants. Due to the high dopant concentration,
the vacancy phosphorus pair is therefore most likely the
dominant defect also in the Si,Ge, layer.

We therefore infer that the detected defect in the
Sip oGy 04 layer is the vacancy phosphorug-P) pair. The
identification is confirmed by core electron momentum mea-
surements with the coincidence technique of the sample irra-
diated with a proton dose of DGL0Y cm 2. In Fig. 4,
we present momentum distributions for thg s5&, o4 bulk
and for theE center {/-P) together with corresponding cal-
culated distributions. As can be seen, the shape of the experi-
mental and calculated distributions match well. The decrease
in intensity for theE-center momentum distribution, as well
as the similarity in the shapes of the bulk and defect distri-
butions is expected. The intensity in the high-momentum re-
gion for both the bulk and th& center is mainly due to 2
electrons, which are the outermost core electrons for both
silicon (Zg;=14) and phosphorusZc=15). When a posi-
tron annihilates in th& center, the impact on the momentum
distribution is just a reduction in intensity in the high-
momentum region, due to the reduced overlap of the positron
wave function with the core electrons. The shape of the mo-
mentum distribution is not changed. The agreement between
the calculated and experimentd parameter values for the
V-P pair in the as-irradiated samples is also good, as can be
seen from Table II.

It can be noted that a small fraction of the vacancy-type

FIG. 4. (a): Calculated core electron momentum distributions defects in the SiGe layer could be situated next to a germa-
for the Sp o¢Gey.04 bulk and for thev-P pair. The distributions have njum atom and form &-P-Ge complex. The random nature
been convoluted with a Gaussian resolution function in order tqf the silicon germanium crystal restricts this amount to only
mimic the experimental conditioné): Experimental core electron 404 of the totalV-P concentration, which is not enough to be

momentum distributions for the §jGe, o4 bulk and for theV-P

pair.

detected.

TABLE II. Experimental(core electron momentum measurements with coincidence technique from the
sample irradiated with a proton dose of %.60'° cm™2) and calculatedV parameter values for strained
Siy.0eGCe 04 layers. All values have been normalized to the SiGe bulk value. A typical eridt/ @fg is 0.02.

Full width at half maxmimum{(FWHM) describes the resolution of the detector system.

SIS W/Wpg W/Wg FWHM
[0,3]X1072 myc [15,20X1073 myc [20,25X107° myc  (keV)

Measurements
Sip.0eG& 04 @s deposited Sg=0.576 Wg=0.003460 Wg=0.000918 0.914
as irradiated 1.05 0.78 0.81 0.921
150°C 50 min 1.05 0.89 0.95 0.924
150°C 240 min-175°C 60 min 1.04 0.98 1.04 0.922
150°C 240 min-175°C 270 min 1.04 1.02 1.08 0.920
Calculations
Bulk W;g=0.003529 Wg=0.000911 0.914
V-P 0.84 0.82 0.921
V-P-Ge 1.00 1.01 0.920
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The identification ofV-P pairs in the SiGe layer is con- ' ' ' ' ' '
sistent with the expected introduction rate and defect concen * o0 0

trations in the sample irradiated with X0 cm™2 pro- o565 : ?:;ﬂfmed )
tons. Since positron trapping is in saturation in the SiGe ) a 200°C
layer, the concentration of-P pairs is in the 1% cm™3 A 300°C

range. This is expected for a primary defect concentration &
obtained with this proton fluence. Since the phosphorus con-“E’ 0.560
centration is high, the primary vacancies are efficiently cap-g

tured by phosphorus dopants formixeP pairs. On the other &
hand, the concentration of vacancy-type defects in the sub“?
strate of this sample is of the order of #@m 3, as ex-
pected for a secondary deféétThe dominating defect as
observed by PAS in the weakiytype as-irradiated substrate
(n~10" cm™3) is therefore most likely the divacancy. The 0550 i
enhancement of positron trapping at low temperat(Fég.

2) shows that at least a fraction of the divacancies in the 24510
substrate are negatively charged.

0.555

22

IV. MIGRATION AND ANNEALING OF VACANCY
PHOSPHORUS COMPLEXES

A. Changes of positron traps in thermal annealings

W-parameter
(]
(=]
I

In order to study the recovery of thé&-P pair, the sample
with the highest vacancy concentration, irradiated with a pro- 18-
ton dose of 1.6 10" cm 2, was isochronally annealed for
30 min in the temperature interval 100-450 °C. The mea-
surements were done at room temperature. $hend W

parameters vs. positron implantation energy after some of the 0 5 10 15 20 25
annealings are shown in Fig. 5. Significant changes ilthe
parameter curves start to appear after annealing in 150°C Positron implantation energy [keV]

for the S parameter the changes become significant when the

temperature is raised to 200°C. When the temperature is FIG- 5. Sandw parameters as a function (_)f positron implanta-
further increased, th& and W vs energy curves gradually tion energy for the 30 min isochronal annealing of th.Ebe, o4
approach the bulk values, indicating that the vacancy com$ample iradiated with a proton dose of %.60" cm™?. The solid
plexes anneal out. Above 350°C, no vacancy-type defectd'eS are guides to the eye.

are observed.

After annealing at 350 C, only a sma:: chﬁnge '”v?eh rates after~300 min of annealing. The increase in tké
parameter curve can be seen. However, the changes W the o, neter as a result of annealing is due to an increase in the
parameter curve is significant. This trend is also seen in thgqsitron annihilation probability with core electrons. After

turning points of the annealed samples which have been in3og min of annealing no significant change in WWeparam-
cluded in the §, W) plot of Fig. 3. The sharp turning point eter is seen.

in the S-W plane is an indication that the positrons still ex- The (S,W) plot of the isothermal annealing is shown in
perience saturation trapping, i.e., all positrons annihilate in &ig. 7. Only the full curves for the sample before annealing
defect in the SiGe layer. Furthermore, if one examines theand after the last annealing are shown. The sharp turning
turning points in this temperature interval more closely, itpoints for the intermediate annealings are indicated in the
seems that th&V parameter for the turning points is slightly figure, as well as the surface and substrate parameter. The
above the line connecting the defect and the surface stateurning points in the SiGe layer gradually move with increas-
This suggests that a new defect, with a higher characteristipg annealing time along a line from the characteris&g (
W parameter, is formed in this temperature interval. W) point of the V-P pair until they saturate atS(W)

To characterize this defect more accurately, isothermal an=(0.563,19.% 10" %). This point characterizes positron an-
nealings were carried out on the sample irradiated with ajhilation at a new defect formed in the annealings.
proton dose of 1.8 10" cm™ 2. The sample was first sub-  Notice that careful attention was kept on the behavior of
jected to annealing at 150 °C for a total of 230 min, after thisthe surface parameter during the annealing series. By com-
the sample was further annealed at 175 °C for a total of 27@aring the turning points in Fig. 7 with the respective surface
min. The change in th&/ parameter value at the turning points, it is evident that there is no correlation between the
point of the S, W) plot is shown as a function of annealing movement of these two points in thg,(W) plane during the
time in Fig. 6. As can be seen th& parameter increases annealing series, i.e., the surface does not influence the po-
continuously from the characteristi¢-P value until it satu-  sition of the turning point.
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sample irradiated with a proton dose of %.60'° cm™2. The solid e eye

line is a guide to the eye. The dashed lines are the assigned char-
acteristicV-P andV-P-GeW/Wg parameter values obtained from
the measurements.

FIG. 6. The change in th& parameter(turning point 8—10

dependence for the trapping of positrons, we come to the

conclusion that all positrons annihilate in vacancy complexes

) o ] ] in the SiGe layer and that the concentration of vacancy com-
The sharp turning point in th&W plot during the iso-  pexes in the as-irradiated sample and in the sample annealed

th_ermal annealing pr_cx_:edur_e suggest that all positrons in thi%othermally are thus approximately equak10 cm 3.

Sip.06G& 04 layer annihilate in vacancy complexes. To con-However, the vacancy-type defect after annealing is not the

firm this, the S and W parameters for the layer were mea- gimple /- pair because its characteristi8, (V) parameters
sured as a function of temperature after the last anneallng}hange in the annealingBigs. 6 and 7.

the result for theS parameter is shown in Fig. 8. The tem- |t ¢4 pe noted that another interpretation of Fig. 8, i.e.,
perature behavior of th8 parameter curve is similar to that 4t g parameter does not change with temperature, is that

shown in Fig. 20). From these two factsj) the sharp - the yacancy-type defect could be in a neutral charge state.
ing point in the G, W) plane andii) the lack of temperature  owever, from DLTS studies of strained SiGe irradiated

with protons we know that the samples are stiliype after

2410 £ ' ' ' N irradiation and that th& centers are in the negative charge
Sasc 2MeV p 16610 em* state after annealing in the temperature interval
3 :Sstl)“”??(::m 0 175 °C 30 min 150—200 OC{?
2+ O 150°C50min - A 175°C60min | —
¥ 150°C80min A 175°C90min
. 8 150°C20min_ 175C (30min B. Formation of V-P-Ge complexes as the annealing
é Surface product of V-P
20~ —
g €3+ sive: v-pGe To identify the defect formed in the annealings, we per-
z formed core electron momentum measurements with the co-

incidence technique. From the momentum curves in Fig. 9,

/¢ o $iGie: v-p we can observe that the intensity in the momentum distribu-

_ \ tion at high momenta> 10x 10 3myc) is increasing with
LT ° ] increasing annealing time. An increase in intensity in the
| . | | L high-momentum region means more positron annihilation
0.550 0.555 0.560 0.565 0.570 with core electrons. Since we have saturation trapping

S parameter through the whole annealing series, this is a clear implication

FIG. 7. S'W plot for the isothermal annealing of the irradiated that the surroundings of the vacancy that trap positrons is

Siy oG 0s Sample, proton dose 1GLO cm 2. Only the full ~ changing. The evident conclusion is that more positrons an-

curves for the as irradiated and the last annealing are shown. IngRlihilate with- germanium core electrons. The shape of the
cated in the figure are the surface and substrate points and tf8omentum distribution from @ electrons in germanium,
turning points for the intermediate annealings. The arrows indicat¢vhich are the outermost core electrons, is quite similar to
the direction of the increasing positron implantation energy, thethat of 2p electrons in silicort;' and no changes of the slopes
turning points correspond to a positron implantation energy of 8—10n Fig. 9 are thus expected due to germanium. Furthermore,
keVv. the magnitude o¥W/Wg, Table II, correspond well to previ-
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FIG. 9. Core electron annihilation measurements for the isother-
mal annealing of the the irradiated, 3{Ge o, Sample, proton dose FIG. 10. Calculated core electron momentum curves foitie
5 —2 . . . .
1.6x10"° cm 2. and theV-P-Ge complexs. The contribution of the Ge 8rbital is

also indicated in the figure.

ous results for th&/-As pair in silicon!’ where an arsenic
atom (with the same outermostd3core electron as in Ge
replaces one silicon atom in the surroundings of the vacancy. . .
Hence, we conclude that a single germanium atom replaces a Th_e hlgher annealing temperaiure of M@'Ge complex
silicon atom in the surroundings of the vacancy as result of! SiG€ IS also supported by observations in pure
the annealing. The new vacancy-type defect is thus thélhc_qn. Watkins has reporte_d that a vacancy-germanium pair
V-P-Ge complex. in silicon has a 30—60 °C higher annealing temperature than

The same conclusion is reached by applying quantitativéhe isolated monovacanéy.This corresponds well with our
calculations. As can be seen from the calculated momentu@bservations for th¥-P andV-P-Ge complexes, which give
distributions in Fig. 10, the increase in intensity is due to thea 50 °C higher annealing temperature for ¥d>-Ge com-
germanium 8 electrons. TheN parameters from the mea- plex.
sured and calculated momentum distributions are summa- In the present study, we do not observe any significant
rized in Table Il. The match between the experimental ancmount ofV-P-Ge complexes in the as irradiated samples,
calculated values are good. The comparison of the experhowever, we do observé/-P-Ge complexes when the
mental results with calculations thus confirms that the newsamples are annealed in the temperature interval
vacancy-type defect is a complex consisting of a vacancy, 450-175°C. As mentioned in the preceding section, we ob-
phosphorus dopant, and a germanium atom. serve saturation trapping of positrons to vacancy-type defects

DLTS studies made in Ref. 8 have suggested that thé the SjodGe) o4 layer irradiated with 1.8 10 cm™2 pro-
dominant defect in as-irradiated straineq gGey o4 P) lay-  tons both for the as-irradiated case and for the isothermally
ers is thek center {/-P paip. The study further showed that annealed sample. Consequently, the defect concentrations in
this complex anneals at 100—200 °C leaving the divacancihe as-irradiated case and in the isothermally annealed case
as the dominant defect. By comparing the results for P dopedre approximately equak-10' cm™3. From this we can
strained SiGe and Sb doped relaxed St&iejs suggested in  conclude that th&-P-Ge complex is formed in the annealing
Ref. 8 that thev/-P-Ge is more stable than theP pair. This  procedure (150-175°C), since statistically their concentra-
has been attributed to the fact that the P dopant causes thien should be much lower in §i,Ge,, wherex is only 4%.
silicon lattice to contract and the Ge atom causes an expan- A possible formation mechanism could be a migration
sion of the lattice. However, in the study of Monakhov process with the ring mechanism, which has been proposed
et al,® theV-P-Ge complex is not observed, perhaps becaustor As diffusion in silicon?”?® In this mechanism, the va-
it is mixed in the divacancy DLTS peak due to the low Pcancy makes a round trip in the hexagons of(th&0) plane
concentration € 10*7). i.e., it travels to the third nearest-neighbor site from the dop-
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ant, before it again encounters the dopant and concludespositron experiment, the vacancy must travel roughly 500
diffusion jump for theV-As pair. With this migration process nm in the 1um Si,_,Ge, layer, i.e., N=10°-~10" jumps.

the V-P pair could migrate as a pair until it encounters awith t~1000 s andv,~10s %, we obtain that the tem-
germanium atom forming the-P-Ge complex. This would perature interval oA T~50 K, in which theV-P-Ge com-
explain the full conversion o¥/-P into V-P-Ge. Even if the plex is seen in the experiment, corresponds to the energy
V-P pair dissociated the independent diffusion of the vagifference ofAE~0.13 eV. In this experimental estimate we

cancy and the P dopant could eventually lead to a stablgssyme that the migration energg,() is approximately
V-P-Ge complex when both encounter the same Ge atomyqya| for the two dissociation processes.

However, recent calculations have shown that the correlated We have estimated the binding enefy of a vacancy-
migration process of thée center is energetically more
favorable?® because of the Coulombic interaction between
the vacancy and the dopant.

Recently, Rankiet al®> observed that theéE center in
highly As doped silicon [(As]=10?° cm™ %) undergo a mi-
gLactécar;]tggcgsze\évgﬁée;rr;inrirggéigrgf an:grf((;/rrﬁ:\)/ﬁgerss; for Ge separated frolW-P as far as allowed by the 64-atom

complex. This complex is also mobile and stabilizes when isupercell. The differences in the calculated total energies
encounters a third As dopant and forms ¥és; complex. E8~Eap) —Ec are 0.12(0.20 eV for a charge neutral and

A similar process could be possible in SiGe, however, the ©-21(0.28 eV for a singly negative supercefl.The calcu-
Concentration in the present Samp'es is too |OW %PZ |ati0nS thUS ShOW th&W-P-Ge iS by 01—02 eV more Stable
complexes to form, i.e., the probability for the migratieg thanV-P, which is in very good agreement with the experi-
center to encounter a second P dopant is too small as opaental binding energy.

served previously fol/-As.> Another possibility is the for- Previous calculations for a vacancy in Sbe, 5 give that
mation ofV-P-Ge complexes, since the concentration of Geeach additional Ge neighbor reduces the formation energy of
is certainly high enough to make this possible. A significantthe vacancy by 0.20-0.25 é¥%° Boguslawski and Bernhalc
difference when comparing to As in silicon is that ¥iéAs,  have suggested that this is a direct consequence of the ener-
can migrate as a complex since there is a Coulombic attragies of the dangling bonds in the creation of the vacancy. The
tion between the negative vacancy and the positively chargeshore extended Ge dangling bond leads to larger overlap for
dopants. Obviously there is no such attraction betweertthe the unpaired electrons and thus lower orbital energy of the
center and the Ge atom in SiGe and it is therefore unlikelyyairing orbitals in the vacandy.As expected, our present
that theV-P-Ge complex could migrate as an entity. This is ca|culations show the same effect for tfeP complexes in
consistent with the lower annealing temperature of 200°C‘5i0.%Gq).04_ The result can be summarized by stating that
for the V-P-Ge complex compared to 400-500°C for thegach germanium dangling bond is energetically favored com-

phosphorus complex theoretically using standard plane-wave
pseudopotential method and a 64-atom simple cubic silicon
supercell containing ¥-P complex and a single Ge atdth.
Three configurations were considered, one for the bound
V-P-Ge complexc) and two different configurationsa( b)

V-As, complex. pared to that of silicon by roughly 0.20 eV. This simple in-
trinsic property of the Ge dangling bond gives a natural ex-
V. THE BINDING ENERGY OF V-P AND GERMANIUM planation to the experimental observations of the stability of

the vacancy-phosphorus pairiirdoped Sj_,Ge,.
The experimental results show that tieP pair becomes
more stable when the vacancy is neighbored by a germanium

atom. To estimate the difference in the binding energy, we VI. CONCLUSIONS
describe the dissociations of the compleXeP andV-P-Ge ] o )
with an Arrhenius-type equation We have used positron annihilation spectroscopy to iden-

tify and study the annealing behavior of vacancy-type de-
fects in proton irradiated strained SiGe layers. We find that
4) the dominating defect in the as-irradiated samples isBhe
center, a complex consisting of a vacancy and a phosphorus
dopant. In the sample irradiated with the highest proton dose

whereN is the number of jumps in timé v, is the Debye  (1.6% 10 cm™?) all positrons implanted in the SiGe layer

frequency,E=Eg+ E,, is the sum of binding and migration '€ trapped and annihilate in tveP pairs.
energieskg is the Boltzmann constant, affds the tempera- The isochronal and isothermal annealings show that a new
ture. type of defect is formed in the temperature interval
The V-P becomes mobile at 150 °C, which is taken as thel50—200 °C. The defect is identified as a complex consisting
dissociation temperature of this complex. This should be #f a vacancy, a phosphorus dopant, and a germanium atom.
reasonable estimate, since the binding energy between tiairther investigation show that the concentration of vacancy-
vacancy and the P dopant at the third nearest-neighbor pogipe defects in the as-irradiated and annealed samples are
tion in the ring mechanism should be small compared to th@pproximately equal. Hence, we conclude that Yhe-Ge
dissociation energy of th& center. The dissociation tem- complex is formed when ®-P complex migrating as a pair
perature of thé&/-P-Ge is 200 °C. In order to disappear in the encounters a germanium atom and forms ¥he-Ge com-

N= Vote* E/kBT’

115307-9



S.-L. SIHTOet al. PHYSICAL REVIEW B 68, 115307 (2003

plex, which is more stable than thé&-P pair. TheV-P-Ge ACKNOWLEDGMENTS

complex anneals out at 200 °C. The 50 °C higher annealing

temperature of the/-P-Ge complex corresponds to about The authors acknowledge the contributions of Professor.
0.1-0.2 eV larger binding energy than that of ¥e® pair. M. J. Puska and Professor R. M. Nieminen. H. Radamson is
By ab initio calculations, we reproduce this value and con-acknowledged for providing the samples. This work was
firm that theV-P pair is more stable when neighbored by asupported by NorFa, the Norwegian Research Council, and
germanium atom. by the Academy of FinlandDENOS projeck

*Corresponding author. FAX+ 358 9 451 3116; Electronic ad- 153.C. Jain, R. Bullough, and J. Willis, Adv. Phy&9, 127 (1990.

dress: Jonatan.Slotte@hut.fi 165, C. Jain and W. Hayes, Semicond. Sci. Tech6ob47 (1991)).
13.J. Browne, Microwaves RB8, 121(1999. 7K. Saarinen, J. NissilaH. Kauppinen, M. Hakala, M.J. Puska, P.
2S.C. Jain, H.E. Maes, K. Pinardi, and 1.D. Wolf, J. Appl. P Hautojavi, and C. Corbel, Phys. Rev. Le@&2, 1883(1999.

8145(1996. 18M.J. Puska, C. Corbel, and R.M. Nieminen, Phys. Rev4B
3P.M. Fahey, P.G. Griffin, and J.D. Plummer, Rev. Mod. Pi6{s. 9980(1990.
289(1989. 194, Kauppinen, C. Corbel, K. Skog, K. Saarinen, T. Laine, P. Hau-
4A. Nylandsted-Larsen, K.K. Larsen, and P.E. Andersen, J. Appl. tojarvi, P. Desgardin, and E. Ntsoenzok, Phys. Re\xc33 9598
Phys.73, 691 (1993. (1997.
5V. Ranki, J. Nissilaand K. Saarinen, Phys. Rev. Le88, 105506  2°H. Kauppinen, C. Corbel, J. Nissjl&. Saarinen, and P. Hauto-
(2002. jarvi, Phys. Rev. B57, 12 911(1998.
6M. Mamor, F.D. Auret, S.A. Goodman, and G. Myburg, Appl. 21G. D. Watkins, inDeep Centers in Semiconductpeglited by S.
Phys. Lett.72, 1069(1998. T. PantelidegGordon and Breach Science, New York, 1286
"E.V. Monakhov, A.Y. Kuznetsov, and B.G. Svensson, J. Appl.?’L. C. Kimerling, in Radiation Effects in Semiconductpeited
Phys.87, 4629(2000. by J. H. Albany(IOP, Bristol, 1976, p. 281.
8E.V. Monakhov, A.Y. Kuznetsov, and B.G. Svensson, Phys. Rev?G.D. Watkins and J.W. Corbett, Phys. R&&4, A1359 (1964).
B 63, 245322(2001). 24B.G. Svensson, C. Jagadish, A. Hallend J. Lalita, Phys. Rev. B
P, Boguslawski and J. Bernholc, Phys. Rev6® 1567 (1999. 55, 10498(1997.
103, Lento, J.-L. Mozos, and R.M. Nieminen, Appl. Phys. L&&  2°P. Kring§ and A. Nylandsted-Larsen, Phys. Rev. 3, 16333
232 (2000. (1995.
11R. Krause-Rehberg and H. S. Leipn@gsitron Annihilation in  2°G.D. Watkins, IEEE Trans. Nucl. SANS-16 13 (1969.
Semiconductor§Springer, Berlin, 1999 2’"M. Ramamoorthy and S.T. Pantelides, Phys. Rev. [7&t4753
12K . saarinen, P. Hautojei, and C. Corbel, inldentification of (1996.
Defects in Semiconductorsdited by M. Stavola(Academic 280. Pankratov, H. Huang, T. D. de la Rubia, and C. Mailhiot, Phys.
Press, New York, 1998 Rev. B56, 13172(1997.

3M.J. Puska and R.M. Nieminen, Rev. Mod. Ph§6, 841(1994.  ?°The other relevant computational parameters as in Ref. 10.

M. Alatalo, B. Barbiellini, M. Hakala, H. Kauppinen, T. Kor- °With negative supercell, we refer to the usual supercell construc-
honen, M.J. Puska, K. Saarinen, P. Hautgjaand R.M. Niem- tion of an additional electron and the corresponding uniform
inen, Phys. Rev. B4, 2397(1996. compensating background charge.

115307-10



	Copyright: © 2003 American Physical Society. Reprinted with permission from Physical Review B 68, pages 115307 : 1-10.


